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CHARACTERISTICS  OF  ABLATION  PLASMA  FROM  PLANAR, 

LASER-DRIVEN  TARGETS 

Considerable  effort  is  underway  to  study  the  feasibility 
of  imploding  moderate  aspect  ratio,  high  gain  fusion  pellets. 

In  this  concept,  long  duration  laser  or  ion  beam  pulses  ablaze 
pellet  surface  material  whose  rapid  evaporation  creates  a 

pressure  that  implodes  the  pellet  walls.  This  pressure,  and 
the  speed  of  the  ablated  material  or  the  mass  ablation  rate, help 

determine  the  velocity  of  the  imploding  walls ,  their  rate  of  accel 
tion  and  the  hydrodynamic  efficiency  of  the  implosion.  Knowledge 
of  these  ablation  parameters  is  basic  to  the  calibration  of 
computational  codes  used  to  design  a  fusion  pellet,  and  is  basic 
to  the  search  for  an  irradiance  regime  consistent  with  a  scc'do 

and  efficient  implosion.  We  present  here  the  magnitudes  and 
scalings  with  absorbed  irradiance  of  the  ablation  pressure,  v.ha 

ablation  velocity,  and  the  mass  ablation  depth  (*  mass  ablation 
rate).  Our  measurements  utilize  planar  foil  targets.  Large 
diameter  laser-spots  and  uniformly  irradiated  disks  are  used 
so  that  the  results  are  not  sensitive  to  focal-spot  edge  effects 

associated  with  energy  flow  thru  the  focal-spot  periphery. 

Configuration  of  the  experiment  is  similar  to  one  previously 

described.'*'  Polystyrene  (CH)  targets  are  irradiated  by  a  1.05  pm 

wavelength,  4-nsec  FWHM  duration  laser  pulse  focused  thru  an 

f/u  aspheric  lens  to  an  average  irradiance  <10^  W/cm^.  The 

pulse  length  is  long  enough  so  that  stationary  ablation  physics 

2 

dominate  the  laser  plasma  interaction.  The  ablation  parameters 

are  inferred  from  angular  distributions  of  the  ablation  plasma 
energy,  velocity,  and  momentum  measured  with  arrays  of  plasma 

calorimeters,  time-cf-f light  ion  collectors,  and  ballistic  pendula 
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arranged  around  the  target.  Although  any  two  of  the  measured 
quantities  would  have  been  sufficient,  we  measured  all  three 
with  independent  diagnostics  to  verify  the  self-consistency  of 
our  results.  The  peauula  employed  here  were  tested  and  calibrated 
in  the  experimental  environment.  Ke  verified  that  pendulum 
recoil  is  caused  by  plasma  impact  only  and  that  the  pendulum 
array  balances  blov/off  plasma  and  recoiling  target  momenta  (to 
within  30'i)  .  We  discovered,  however,  that  material  reflected 
or  sputtered  from  the  pendulum  surface  affects  the  pendulum  res¬ 
ponse.  Therefore,  plasma  momentum  determined  using  the  commmon 
bench  calibration  of  the  pendulum  would  overestimate  the  true 
plasma  momentum  by  a  factor  of  2.4  +  0.6.  To  determine  the 
contribution  of  material  reflection  or  sputter  to  the  absolute 
calibration,  we  built  a  double-pendulum  device.  It  consists 
of  a  primary  pendulum  directly  facing  the  blov/off  plasma  and  a 
secondary  pendulum  oriented  to  detect  most  of  the  material  reflected 
or  sputtered  from  the  primary  pendulum  but  shielded  from  the 
blowoff  plasma.  Details  of  this  calibration  are  given  elsev/here .  ^ 

To  model  the  surface  of  large  spherical  pellets  we  utilize 
wide  foil  targets  irradiated  by  large,  1-mm  diameter  laser  spots. 

The  targets  are  sufficiently  thick  so  that  their  motion  has 

little  effect  on  the  measurements.  In  some  cases  we  also  use 

4 

uniformly  irradiated  disks.  These  disks  have  two  advantages  over 
foil  targets:  first,  the  laser-target  interaction  area  A  that 
enters  into  calculations  of  absorbed  irradiance,  ablation  pressure, 
and  mass  ablation  depth  is  well  known;  second,  any  energy  that 
escapes  the  interaction  area  is  easily  measured  and  its  effect 
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on  the  results  easily  estimated.  A  small  loss  of 

ablation  plasma  energy  to  the  rear  of  disk  targets  does  occur, 

but  this  has  minimal  effect  on  the  ablation  parameters.  For 

example,  for  300  pm  and  600  pm  diameter  disks  less  than  20% 

of  the  total  absorbed  (plasma  and  target)  energy  reaches  the 

rear  disk  surface,  while  for  1000  pm  and  1200  pm  diameter 

disks  less  than  5%  of  the  absorbed  energy  reaches  the  rear  disk 

surface.  At  the  irradiances  employed  here,  this  excess  energy 

is  probably  due  to  the  flow  of  hot  thermal  plasma  around  the 

disk  edges:  Very  energetic  suprathermal  electrons5  are  not 

the  dominant  mechanism  as  evidenced  by  the  low  level  x-ray 

£ 

emission  observed  above  20  keV. 

Fig.  1  shows  angular  distributions  of  the  ablation  plasma 
energy  E  (9 ) ,  momentum  p(0),  and  velocity  u(o);  u  is  a  mean  velocity 
unfolded  from  highly  peaked  ion-collector  traces,  typical  of 
steady  state  ablation,  assuming  a  constant  charge  state  and 
secondary  electron  coefficient.  The  angular  distributions 
are  set  mainly  by  the  nozzle-like  flow  of  collisional  plasma 
near  the  target  surface  and  also  somewhat  by  the  thermal  expansion 
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of  the  plasma  once  it  becomes  collisionless.  This  is  consistent 
with  our  observation  that  the  shapes  of  distributions  from  various 
diameter  (0.3  to  1.2  mm)  disks  and  wide  foils  irradiated  by 
various  diameter  laser-spots  (0.3  to  2  mm)  are  similar.  The 
momentum  angular  distribution,  for  example,  is  characterized 
by  a  half  cone  angle  cos~^(Pj>/P)  =  40°  for  both  the  disk  and 
wide  foil  cases;  Pj_  is  the  normal  component  of  the  total  momentum 
P  calculated  by  integrating  the  momentum  distribution  p(9)  or  the 


distribution  of  2E/u  over  all  solid  angles.  Wo  us:;  distribution;; 
such  as  those  in  Fin.  1  to  infer  ablation  pressure,  a  P^/iA, 
ablation  mass  m  ,  mass  ablation  depth  d=  ni  /pA,  mass  ablation  rate 
i  pAd/t ,  and  the  ablation  velocity  normal  to  the  target  sur¬ 
face  uL  t  P./m  .  Here,  t  and  p  are  the  laser  pulse  duration 
and  target  density  respectively. 

Fig.  2a  shows  the  scaling  of  ablation  pressure  with  absorbed 

8  Q  g 

irradiance  to  be  J.  “I  '  for  disks  and  v;ide  foil  targets.  Momc-n- 

.«.  a 

turn  in  the  case  of  disk  targets  is  determined  in  two  independent 
ways:  first  directly,  using  the  pendulum  array  (dark  markers)  and 
second  indirectly,  using  energy  and  velocity  data  (open  markers) ; 
wide  foil  results  (X)  use  the  latter  method  only.  /agreement 
between  the  two  methods  increases  our  confidence  in  the  results. 

The  scalings  with  absorbed  irradiance  of  the  ablation  velocity, 
u  i  «  I  ^’2,  and  the  mass  ablation  depth,  d«  I  are  shown  in 

Fig.  2b. 

The  measured  ablation  parameters  agree  well  with  like  quan¬ 
tities  calculated  using  a  one-dimensional  (planar  geometry)  ,  single 
temperature  hydrodynamic  code  (Fig.  2).  This  code  is  a  sliding 
zone  Eulerian  FCT  code  that  requires  no  artificial  viscosities, 
utilizes  classical  thermal  transport  physics  with  no  ad-hoc 
inhibition,  and  uses  the  same  irradiance  profile  as  the  experiment. 
Absorption  is  by  inverse-bremss trahlung  in  the  underdense  region 
with  any  remaining  laser  energy  dumped  smoothly  into  two  zones 
surrounding  the  critical  surface.  To  make  a  direct  comparison 
with  our  data,  we  calculate  the  momentum  and  mass  of  all  plasma 
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ABLATION  DEPTH  d  Ipml  PRESSURE  (Mbar) 


ABSORBED  IRRADIANCE  la  (W/cm2) 

Fig.  2  —  (a)  Ablation  pressure  versus  absorbed  laser  irradiance  for  disks  and  wide 
foil  targets.  The  data  denoted  by  ■,«,*  are  inferred  using  momenta  measured 
with  ballistic  pendula.  The  data  a,o,A  are  obtained  using  calorimeter  and  time- 
of-flight  measurements.  The  symbol  v  denotes  theoretical  results,  (b)  :  Mass 
ablation  depth  d  and  normal  ablation  velocity  u^  versus  absorbed  irradiance  I,. 
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ABLATION  VELOCITY  u  ,  (cm/sec) 


moving  toward  the  laser  after  these  quantities  reach  their 
asymptotic  values  (14  nsec  afccr  the  laser  pulse  peak) , 
and  determine  the  temporally  averaged  ablation  parameters  TT  , 
d,  Uj^  in  the  same  manner  as  the  experiment.  (Peak  calculated 
pressures  which  occur  near  the  ablation  surface  are  only  20Z 
higher  than  the  temporally  averaged  calculated  pressures.)  The 
good  agreement  between  measured  and  calculated  ablation  parameters 
supports  the  view  that  basic  conservation  lav/s  without  any  trans¬ 
port  inhibition  govern  laser-target  interaction  physics  in  this 
irra  .ranee  and  laser-pulse  length  regime. 

As  we  have  already  shown,  the  flow  characteristics  of 
ablation  plasma  from  planar  targets  are  set  by  its  nozzle-like 
expansion  from  the  target  surface.  Thus,  plasmas  from  planar 
targets  are  not  truly  one-dimensional.  The  good  agreement  between 
our  experiment  and  a  one-dimensional ,  planar  geometry,  cede  may 
be  explained,  however,  if  the  final  nature  of  the  ablation  para¬ 
meters  is  determined  near  the  target  surface,  when  the  plasma 
flow  is  still  planar.  This  picture  is  born  out  by  the  code  'which 
shows  that  most  of  the  ablation  plasma  acceleration  occurs 
between  the  ablation  surface  and  a  few  times  the  distance  from 

the  ablation  surface  to  the  critical  surface.  This  ablation  sur- 

13 

face  to  critical  surface  separation  is  about  0.1mm  at  1  x  10 
2 

W/cm  (and  less  at  lower  irradiance)  which  is  smaller  than  the 
laser-spot  diameters  in  the  experiment.  One-dimensional, 
spherical  calculations  with  a  large  ratio  of  pellet  radius  (0.5  era) 
to  ablation  to  critical-surface  distance  gave  irradiance  scaling 
laws  similar  to  those  in  planar  geometry. 
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We  also  verified  that  oar  p censures ,  determined  from  asymptotic 

measurements,  arc  the  same  (within  30v.)  as  the  ablation  pressures 

7  9 

deduced  from  measurements  of  target  acceleration .  ' 

Studies  using  flat  targets  are  subject  to  criticism  that 
phenomena  at  the  focal-spot  periphery  distort  effects  ascribed  to 
the  spot  as  a  whole.  Such  phenomena  may  include  energy  leakage 
laterally  across  the  focal-spot  edge  which  alters  the  ir radiance 
distribution, and  extraneous  plasma  from  target  areas  outside  the 
focal  spot  which  contributes  to  the  measured  results.  To  check 
for  these  effects  we  placed  planar  targets  in  the  near  field  of 
the  focusing  lens  and  varied  the  spot-sine  by  aperturing  the  laser 
beam  while  monitoring  the  ablation  velocity.  Because  of  laser 
energy  limitations,  this  experiment  used  an  average  .irradiance  of 

1"5  2 

1  x  10  W/cra  .  But  even  at  this  low  irradiance,  the  ablation 
velocity  does  vary  with  spot  size  (Fig.  3a).  The  variation  is 
small,  however,  if  the  laser  spot  diameter  is  sufficiently  large 
(  i 1  mm).  That  is  why  experiments  on  foils  reported  here  utilize 
large  laser  spots,  even  though  this  lowers  the  maximum  irradiance 
achievable  with  our  laser.  It  is  also  clear  that  controlling 
irradiance  by  changing  the  focal-spot  size,  as  is  often  done, 
may  lead  to  misleading  results. 

Two  parameters  which  may  change  the  effective  spot  size  are 
the  spatial  profile  of  the  incident  irradiance  and  the  lateral 
heat  flow  thru  the  focal  spot  periphery.  Since  the  number  of 
ions  at  a  particular  velocity  depends  on  absorbed  irradiance,  both 
these  phenomena  may  contribute  to  the  velocity  variation  in 
Fig.  3a.  Lateral  heat  flow  especially  could  shift  energy  from 
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INTERACTION-AREA  DIAMETER  (mm) 


Fig.  3  —  (a)  Ablation  velocity  uj_  vs.  interaction-area  diameter  for  wide  foil  targets. 
(Interaction-area  is  defined  as  the  area  that  contains  90%  of  the  incident  laser  ener¬ 
gy.)  (b),  (c)  Examples  of  very  narrow  and  broad  charge  collector  traces.  The  col¬ 
lectors  are  28  cm  from  the  target  at  2°  to  its  normal. 
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a  higher  to  a  lower  portion  of  the  effective  in  id lance  prof.i  !e 
and  increase  the  fraction  of  low  velocity  ions .  Lrreor  s/jt 
sizes,  with  a  relatively  uniform  and  flat  topped  i  lit  :ain-*tion- , 
have  a  smaller  fraction  of  absorbed  energy  escaping  thru  their 
edges  and,  therefore,  behave  somewhat  independently  of  spot  size 
diameter . 
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Finally,  we  make  this  observation:  Stationary  ablation  plasmas 

2  10 

produce  very  mono-energetic  ions.  '  In  experiments,  however, 
non-uniform  irradiation,  temporal  variation  of  the  laser  beam, 
oj.  heat  flow  thru  the  focal-spot  periphery  may  broaden  ion 
velocity  distributions.  In  most  of  our  cases  ion  velocity  dis¬ 
tributions  are  highly  peaked  with  a  peak  velocity  ho  FWi’.N  ratio 
of  3:1.  Nevertheless,  under  some  experimental  conditions  even 
narrower  distributions  (peak  velocity:  FWKM  =  7:1  -  see  Fig.  3b) 
and  broader  distributions  (peak  velocity:  FNHM  =  2:1  -  sec  P.icj,  3c) 
arc  observed.  We  note  that  generally;  small  diameter  disks 
produce  narrower  distributions  than  large  diameter  disks,  disk 
targets  produce  narrower  distributions  then  foil  targets,  and 
small  laser-spots  produce  narrower  distributions  then  large 
laser  spots.  Also,  the  velocity  spread  of  the  most  highly  peaked 
cases  is  consistent  with  that  expected  for  temporal  variation 
in  the  laser  beam  alone. ^  We  attempted  to  determine  whether 
spatial  irradiance  profiles  alone  are  responsible  for  the  broaden¬ 
ing  of  the  distributions  by  using  masks  placed  in  the  beam  to 
alter  the  irradiance  profile  and  using  disk  targets  of  various 
diameters  to  intercept  different  parts  of  the  laser  beam.  Our 
results  were  inconclusive. 
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In  a  urinary ,  we  studied  Lho  ablation  characteristics  of  plasma 

fro;;',  planar,  laser  driven  targets.  Vie  found  that  ablation 

pressure,  ablation  velocity,  and  mass  ablation  depth  scale  as 

cha  0.3,  0.2  and  0.6  power  of  the  absorbed  irrctdiance .  Our 

results  agree  well  with  a  one-dimensional  hydrodynamic  code  that 

uses  classical  transport  physics.  Pressures  of  10  Kbar  exist  at 
13  2 

5  x  10  W/cm  .  Hydrodynamica.lly  efficient  compression  of  moderate 
aspect  ratio  pellets  at  this  or  slightly  higher  irradiance  may 
thus  be  possible.  We  also  found  that  due  to  edge-effects 
ablation  velocity  varies  with  laser-spot  size;  but  the  variations 
are  small  for  sufficiently  large  spots. 

We  thank  S.P.  Obenschain,  S.E.  Eodner,  C.  Mankn,  and  H.  Grie.n 
for  valuable  discussions.  The  technical  assistance  of  N.  Mocerir.o, 
E.  Turbyfill,  M.  Fink,  L.  Seymour  and  R.  McGill  is  greatly 
appreciated.  This  work  was  supported  by  the  U.S.  Department  of 
Energy  and  Office  of  Naval  Research. 
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11.  We  assume  that  the  time  and  space  averaged  scalings  of  Pig.  2b 

also  apply  at  each  point  in  time.  Then,  d.'J  -  I0-6(t)  dt  and 
0 . 2 

u  «•  I  (t)  ,  where  I,  N,  u,  t  are  the  irradiar.ee,  number  of 
ions,  ion  velocity,  and  time  respectively.  lie te  that  a 
Maxwellian  fit  to  the  narrower  ion  traces  (Fig.  3b)  infers 
an  /'<100  eV  ion  energy  spread;  the  actual  ion  temperature 
is  smaller  since  temporal  variations  can  account  for  most  of 
the  spread.  The  ion  temperature  is  probably  fixed  at  a 
higher  density  than  that  at  which  the  ~  300  eV  electron- 
temperatures  are  derived  from  x-ray  Bremsstrs.hlung . 
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